Introduction
Laser-induced breakdown optical emission spectrometry (LIBS) is a promising method for several particular applications, such as on-line/on-site analysis for quality control of manufactured materials and remote-sensing analysis for separation of scrapped materials. 1, 2 LIBS is based on a time-resolved measurement of atomic and ionic emission lines excited from a plasma state generated just above the surface of a sample after focusing of an intense laser pulse. 2 It is widely recognized as a direct analytical method for various samples because of the following advantages: [3] [4] [5] (1) it is not necessary to conduct complicated pretreatment for the sample preparation, because any kind of solid sample can be directly introduced into the plasma through laser ablation, (2) the analysis time is short as it is a direct analytical method, and therefore observation in real time is possible, (3) it is applied to a remote sensing measurement that can perform the analysis from a distance, and (4) it has the ability of multi-elemental determination so that almost all elements can be measured. As LIBS could become an alternative method to make up for disadvantages of conventional analytical methods, various studies have been pushed forward for practical applications of LIBS. However, the method's relatively poor sensitivity and repeatability often limit the analytical performance; 6 therefore, further investigation is needed to make LIBS to be a more practical analytical method.
When a solid surface is irradiated by laser having a high energy density, the electron density of the gas phase just near the surface increases, and gas-electron collision occurs as a chain reaction causing gas atoms/molecules to become partially ionized. This phenomenon is called breakdown and triggers plasma generation. At the same time, sample atoms on the solid surface evaporate and enter into the plasma. This phenomenon is called laser ablation, resulting in direct sampling of the sample atoms. According to a variety of inter-particle collisions that occur in the plasma, sample atoms can provide spectrochemical information while going through the excitation and ionization processes. In these fundamental processes, the sampling of analyte atoms would be an important factor which greatly affects the analytical accuracy and precision of this method. 7 While LIBS has been extensively employed as an analytical tool, the fundamental physical process of laser ablation is still not adequately understood.
Temporal volatilization of sample atoms, which happens when the sample is irradiated by a pulsed laser, is complicated and thus is difficult to control. There is also an essential problem with respect to selective evaporation. It is necessary to understand fundamental mechanisms of laser ablation so that the laser beam can be coupled with the sample more efficiently. Several efforts have been put into fundamental studies of the ablation process. 8, 9 For instance, Miotello and Kelly assessed the thermal models for laser sputtering at high fluencies, 10 and Amoruso reported on the kinetic energy distribution analysis of ions emitted in laser ablation of metallic targets. and the bulk composition of the target sample. The objective of this paper is to measure the ablation amounts of constituent elements in Fe-based alloys directly and then investigate how the ablation phenomenon occurs with respect to the chemical and physical properties of the alloyed elements. The Fe-based alloys were chosen as a typical sample for our study regarding laser ablation, because of their importance as a construction material in modern society. Figure 1 illustrates a schematic diagram of the experiment apparatus, which has been described in our previous papers. [12] [13] [14] The laser used in the experiment was a Q-switched Nd:YAG laser (LOTIS TII, LS-2137). The wavelength was 532 nm. The energy of laser irradiated on the sample surface was varied from 149 to 153 mJ/pulse, which was measured with a thermal sensor (OPHIR, 15(50)A-PF-DIF-18). The repetition rate was set to be 10 Hz at a pulse range of 16 -18 ns. The laser beam was focused onto the sample surface using a planoconvex lens with a 100-mm focal length. The emission of light from the plasma was transferred to a spectrometer system, composed of an Echelle-type spectrograph (Andor, ME5000) and an ICCD detector (Andor, DH734-18F) through an optical fiber, and finally the spectrum was recorded on a personal computer. The emission intensity was estimated through a background subtraction for each spectral line. The effective spectral resolution of this spectrometer (full width at half maximum, FWHM) was approximately 0.05 nm, depending on the wavelength. A solid sample was set on an X-Y-Z stage that was controlled by a system controller (SIGMA KOKI, SHOT-304GS). The morphology of the sample surface with a progress of the laser crater was observed with a microscope (SUGITCH, TS-93003N-CZ5).
Experimental

Apparatus for LIBS
Measurement of ablated amounts by ICP-OES
The experimental procedure for estimating ablation amounts is schematically illustrated in Fig. 2 . A glass plate with an open hole of about 2 mm in diameter was set to be 3 mm above a solid sample. Then the solid sample was irradiated by a laser beam through the hole, such that ablated atoms could be released from the sample surface and stick to the glass plate. After the ablation treatment, the glass plate was immersed into an acid solution to dissolve the deposited material. Finally, the solution was quantified by ICP-OES (Thermo Elemental, IRIS Advantage DUO), of which the spectrometer was an Echelle-type monochromator equipped with a CID detector, to determine the ablated amounts of constituent elements in the alloy samples. The ICP was operated at an RF forward power of 1.15 kW, at Ar flows of 15 dm 3 /min for the plasma gas and 0.5 dm 3 /min for the auxiliary gas, and at a nebulizer gas pressure of 28 psi. 25 .40, and 30.25 mass%) were used as samples in the experiment. They were all received from the Iron and Steel Institute of Japan (FXS-series, standard reference materials for X-ray fluorescence analysis).
The ablated deposits of Fe-Ni alloys were dissolved by a hydrochloric acid solution (0.6 mol/L), and those of Fe-Cr alloys were dissolved by a nitric acid solution (0.6 mol/L).
X-ray photoelectron spectrum
Ablated surfaces of Fe-Cr alloy samples containing 10 and 20 mass% Cr were analyzed with an X-ray photoelectron spectrometer system (S-Probe ESCA, Surface Science Instrument Inc.), to investigate the elemental distribution in a depth direction, the chemical state, and the thickness of the oxide layer. The photoelectrons were excited by monochromatized Al Kα radiation (1486.6 eV) with a spot size of approximately 250 × 1000 μm 2 and analyzed using a concentric hemispherical analyzer equipped with a multi-channel plate detector. The X-ray photoelectron spectra were measured at a take-off angle of 35 degrees, where the take-off angle was defined as an angle between the sample surface and the spectrometer slit. The spectrometer was calibrated against Au 4f7/2 (binding energy, 84.0 eV), Ag 3d5/2 (368.2 eV), and Cu 2p3/2 (932.6 eV) of each high-purity material, 15 and the FWHM of the Au 4f7/2 peak was 0.9 eV. The spectra of Fe 2p, Cr 2p, Ni 2p, and O 1s regions were recorded and the Shirley method was used for a background subtraction. 16, 17 The binding energy for the samples was corrected with C 1s spectra (284.8 eV) derived from the C-C bond of impurity hydrocarbons. The depth profiles were measured by means of Ar ion etching. The acceleration voltage of the Ar ions was set at 4 kV. The etching rate, which was estimated using a SiO2 standard film on a silicon substrate, was 4 ± 0.2 nm/min. 
Results and Discussion
Selection of the laser shot number
In order to optimize the laser shot number, we investigated a relationship between the ablation amounts and the shot number when pure Fe was used as a sample. The laser was irradiated on the Fe plate at shot numbers of 50, 100, 200, 300, and 500. Figure 3 shows a variation in the ablated amounts of Fe with increasing laser shots, which was presented as Fe concentration in the sample solutions determined by ICP-OES. The intensities of three Fe II emission lines were averaged for the triplicate measurements, and the Fe concentration could be determined with the following relative standard deviations (RSD) between these Fe II emission lines: 3.07% for 50 shots, 3.03% for 100 shots, 1.64% for 200 shots, 1.68% for 300 shots, and 1.65% for 500 shots. The ablation amounts of the Fe sample linearly increased from 100 to 300 shots, and then were reduced after 300 shots to reach a saturation. At the beginning of laser input, any oxides and contaminants on the Fe surface may suppress the ablation so that the ablation amounts remain smaller. When the influence of oxides and contaminants nearly disappeared, the ablation amounts could increase sharply. As the ablated crater became deeper, the laser beam was gradually de-focused so the ablation amounts tended to saturate. Therefore, we selected the 200-shot laser irradiation as an experimental condition for the following measurements. Figure 4 shows a variation in the ablation amounts of an Fe sample in 8-times laser irradiation, while the position of the laser irradiation was moved on the sample surface every 200 laser shots. It is obvious that the first irradiation caused an ablation to be stronger, and then the subsequent ablations occurred under a relatively stable condition. This phenomenon is probably because it is difficult to closely control the laser at the beginning of laser shots. A variance in the emission intensity measured by ICP-OES was expressed as the average RSD of 0.14% for each triplicate measurement of three Fe II emission lines, and the Fe concentration could be determined with RSDs of 2.44 -2.95% for these Fe II emission lines when considering the data points from the third to the eighth irradiation. These analytical results imply that the method using ICP-OES is reliable for measuring the ablation amounts in LIBS, saying that the Fe ablated amounts were varied with an RSD of 8.9% for the repeated laser shots like in Fig. 4 .
Laser ablation in Fe-based binary alloys
In Fe-Ni and Fe-Cr binary alloys, we investigated any relationship between the elemental composition of the ablated materials, determined by ICP-OES, and the bulk composition of these alloys. Each sample was irradiated by laser under the same condition for four replicates. The number of laser shots was fixed at 200. Figure 5 shows a resultant relationship in the chemical composition between the ablated materials and the sample bulk in the Fe-Ni alloys. The ablated amounts were determined for four individual measurements in each of the Fe-Ni alloys. The ablation amounts of Ni and Fe were individually determined by ICP-OES as their concentrations in the sample solutions, and then the content of Ni in the ablated deposits was estimated in mass%. The mass faction of Ni in the ablated materials was nearly equal to the bulk composition of Ni, indicating that, in the Fe-Ni alloys, Ni and Fe atoms would evaporate along with the bulk composition when irradiated by the laser beam. To confirm the reliability of the above result, we compared 4-times data of the ablation amounts of Fe and Ni for each alloy composition. For instance, in the Fe-15.20% Ni alloy sample, the ablated amounts of Fe and Ni were varied with RSDs of 6.89 and 7.60%, respectively, which would be attributed to a variation of the sampling amount by laser shots; however, their ratios were obtained with better repeatability, where the RSD was 2.07%. Also in the Fe-25.16% Ni alloy sample, the ablated amount of Ni was varied largely for each laser shot with an RSD of 39.7%, because they included an abnormal value of the emission intensity, which caused a largely-deviated data point in the calibration curve of Fig. 5 . Therefore, the net amounts of ablation were possibly varied for each laser irradiation; however, the ratio of Ni to Fe atoms was less affected during the repeated laser shots, implying that the determination by ICP-OES was reliable.
In the case of Fe-Cr alloys, a relationship between the ablation amounts and the bulk composition was estimated, as shown in 6 . The ablation amounts of Cr and Fe were individually determined by ICP-OES, and then the content of Cr in the ablated deposits was calculated in mass%. Differing from the result of Fe-Ni alloys, the mass fraction of Cr is nearly half of the bulk composition of Cr in Fe-Cr alloys. This indicates that Cr evaporated with much more difficulty than Fe did when irradiated by laser beam. As a similar estimation to the Fe-Ni alloys, the contents of Cr in the ablated deposits were within an almost constant range for four replicates, whereas the net amounts of the ablated materials were somewhat varied for each laser shot, implying that the quantification by ICP-OES could correspond to the temporal variation of laser ablation against the Fe-Cr alloy target.
Surface analysis of ablated Fe-Cr alloys
In order to investigate the reason why Cr evaporated with more difficulty than Fe in laser ablation, as found in the previous section, we applied X-ray photoelectron spectroscopy (XPS) to surface analysis with respect to the elemental composition as well as the chemical state of the ablated Fe-Cr alloys. XPS provides the useful information on surface constituents of a sample at a photoelectron escape depth of 1 -10 nm from the topmost surface, and the chemical state, such as metal or oxide, appears as an energy shift of a photoelectron peak, called a chemical shift. 18 Two kinds of Fe-Cr alloys, containing Cr of 10 and 20 mass%, were used as the samples. The samples were cleaned with an ultrasonic cleaning machine before the laser ablation, and then were ablated by laser under the same condition as the measurement of the ablation amounts, as described in the previous section, but the shot number was one shot. After the laser input, samples were set in the pretreatment chamber and then introduced into the measuring chamber under ultra-vacuum conditions in the XPS apparatus. An Ar ion gun was used for sputtering of the sample surface to obtain a change in the elemental composition in the depth direction, where the spectra were measured after the sputtering for 30 s (on the surface), 1, 2, 3, 7, and 11 h.
First, an XPS measurement was conducted on a surface of the ablated Fe-10% Cr alloy. Figure 7(a) shows XPS spectra of Cr 2p region in the outermost surface, just after removing surface contaminants by the 30-s sputtering. The Cr 2p3/2 peak at 576.6 eV and the Cr 2p1/2 peak at 586.3 eV are both assigned to the oxide state (Cr2O3). 18 Figure 7(b) shows XPS spectra of the Fe 2p region for the same surface as giving the Cr 2p spectra. The Fe 2p3/2 peak at 710.7 eV and the Fe 2p1/2 peak at 724.3 eV are also assigned to the oxide state (FeO). 18 It is clear to say that, at the topmost surface, both Fe and Cr were in a form of each oxide, because of their chemical shifts of peak energy positions. Then, the laser-ablated surface was sputtered with the Ar ion gun for 1 h, resulting in the removal depth of about 240 nm. Figures 8(a) and 8(b) show XPS spectra of the Cr 2p 18 On the other hand, the Cr 2p spectrum consists of two peaks originated from the oxide state without any peaks from the metallic state. Therefore, while Fe began to change from the oxide to metallic state, Cr was still in a form of the oxide. Figures 9(a) and 9(b) show the XPS spectra when the sputtering time reached 7 h at which time the resultant depth was about 1680 nm. In the Cr 2p spectrum, there appear two new peaks for the 2p3/2 at 574.1 eV and the 2p1/2 at 583.4 eV, which are derived from the metallic state of Cr, 18 whereas the Fe 2p peaks from the oxide almost disappear. The ablated surface of Fe-20% Cr alloy was also analyzed by XPS, giving similar results to the 10% Cr sample, indicating that a thicker layer of Cr oxide was produced in the laser-ablated surface of the Fe-Cr alloys.
Surface structure of the ablated Fe-Cr alloys
It was found from the result of XPS analysis that, when irradiated by a laser beam in open-air atmosphere, the corresponding oxides were produced on the surface of the Fe-Cr alloys. When Ar ion sputtering was carried out on the ablated alloy surfaces, in-depth profiles for both metallic and oxide states of Fe and Cr were obtained in the case of the Fe-10% Cr alloy, as shown in Fig. 10(a) using the 2p3/2 peaks and Fig. 10(b) using the 2p1/2 peaks. The most important feature of these depth profiles is that the oxide of Cr remains at deeper positions of the surface compared with the oxide of Fe.
The surface structure of the ablated Fe-Cr alloy can be considered, based on the XPS results. There was a thin oxide layer comprising a complex of Cr2O3 and FeO at the outermost position of the surface. Under the outermost layer, there was a relatively thick oxide layer that was made up of a complex of Cr2O3, Fe and FeO. The dissociation energy of oxides of Fe and Cr, such as 63.2 kcal/mol for FeO and 270.7 kcal/mol for Cr2O3, is cited from earlier literature, 19 to explain the reason for the surface structure of the ablated Fe-Cr alloys. A change in the Gibbs free energy cannot be estimated when these oxides are formed and discomposed during the laser ablation, because it is difficult to determine the temperature of the target surface in the ablation process; however, the thermodymamic stability is different between these oxides even at higher temperatures. 20 It is thus implied that Cr2O3 is less decomposed than FeO in the laser ablation process. Therefore, the dissociation energy was a probable reason for the finding that Cr atoms were ablated with much more difficulty than Fe atoms (see Fig. 6 ). Because a large amount of Cr2O3 would be left in the surface layer during laser ablation, the sample was covered with an oxide layer including Cr2O3 that does not decompose easily and was thus produced preferentially. As a result, Cr2O3 suppressed the ablation of Cr itself, which eventually caused the Cr depletion in the ablated material. Figure 5 shows an experimental result that the chemical composition of the ablated material corresponded well to that of the sample bulk in the Fe-Ni alloys. It is thus expected that a linear relationship could be fulfilled between the emission intensities of Ni and the content of Ni in an LIBS measurement. We investigated the behavior of calibration curves in the Fe-Ni alloy system, 21 when a series of the standard reference samples of Fe-Ni binary alloy was employed. Figure 11 shows calibration curves of three atomic emission lines of Ni in the Fe-Ni alloy. 21 It could be found that two of these relationships between the Ni/Fe intensity ratio and the atomic ratio were not on straight lines. This is probably resulted from self-absorption of the atoms. The effect of self-absorption is known to occur in many cases in the spectrum of LIBS. A reason for this is that the laser-induced plasma is largely condensed at the breakdown zone but has a small heat capacity; therefore, the emission light from the plasma center is easily reabsorbed by the same kind of atoms in the ground state in the surmounting zone of the plasma. 22 The resulting spectra sometimes suffer from self-absorption and thus have a pronounced non-linearity in the calibration function at increasing concentration. 23, 24 In Fig. 11 , calibration curves for Ni I 341.476-nm and Ni I 352.454-nm lines are bended downwards, due to selfabsorption. The lower energy level of these emission lines is the 4s 3 D3 (0.0254 eV) of Ni atom, 25 which is one of the ground state levels; therefore, they are easy to be re-absorbed, resulting in a decrease in their intensities. On the other hand, the Ni I 440.154 nm line, which is assigned to an optical transition between high-lying energy levels, whose lower energy level is the 4p 5 D4 (3.1930 eV) of Ni atom, 25 was almost free from selfabsorption and was on a linear relationship, because the number density of the lower energy level would be not enough to re-absorb the emitted radiation.
Correlation between the LIBS result and the ablation behavior in Fe-Ni alloy
The calibrational relation in LIBS spectrum was not necessarily explained by the behavior of laser ablation; actually in the Fe-Ni alloy samples, non-linear calibration curves of the emission intensity were obtained although the sampling by laser ablation followed the bulk composition. This effect was because the self-absorption could affect the radiation emitted from the laserinduced plasma more dominantly beyond the sampling process.
Conclusions
This paper describes a novel finding on the fundamental process of laser ablation occurring in a laser-induced plasma. Emphasis of this research was on the relationship between the composition of ablation amounts and the bulk composition, when Fe-based binary alloys were employed as a test sample. We designed a method to use ICP-OES for measuring the laser ablation amounts of the alloy sample directly, and proved from a statistical analysis of the obtained data that the method was reliable.
A comparative measurement between Fe-Ni and Fe-Cr binary alloys led to the following important result with respect to the fundamental process of laser ablation: the Ni content in the ablated deposits was almost the same as the bulk composition in the Fe-Ni alloy, whereas the Cr content in the ablated deposits was half of the bulk composition in the Fe-Cr alloy, indicating that Ni and Fe atoms evaporated along with the chemical composition of samples, whereas Cr atoms were difficult to be released from the sample surface. XPS spectra of the ablated Fe-Cr alloy indicated that there was a relatively thick oxide layer, which was made up of a complex of Cr2O3, Fe, and FeO, where a larger amount of Cr2O3 was left, beneath an outermost oxide layer. The reason for this is that the dissociation energy of Cr2O3 is obviously higher than that of FeO, so Cr2O3 did not decompose easily and was thus produced preferentially in the surface oxide layer. As a result, the Cr2O3 layer suppressed the ablation of Cr.
Furthermore, in an LIBS measurement, the intensities of Ni and Fe emission lines from a laser-induced plasma were measured in the case of Fe-Ni alloy samples. Their calibration curves were not necessarily explained by the ablated amounts during laser irradiation, where several of them followed nonlinear relationships although the ablated amounts of Fe and Ni were due to the bulk composition. This behavior probably resulted from self-absorption occurring in the surrounding portion of the plasma such that the intensity of the Ni atomic lines was able to be re-absorbed largely. Accordingly, we can conclude that the LIBS spectrum is determined by the excitation process, including the self-absorption effect, rather than the sampling process by laser ablation.
